D
rought is the most important abiotic stress that limits crop productivity worldwide. Incidence and duration of drought in major agricultural areas are expected to increase due to climate change and negatively affect crop yields and food security (Lauer et al., 2012; McClean et al., 2011) . Reduced rainfall is predicted to occur more frequently in tropical regions where many developing countries are located and where poverty and malnutrition are already serious problems (Cavalieri et al., 2011) . The lack of appropriate infrastructure and other solutions to mitigate climate change may result in a serious food security risk. Research directed at improving crop resistance to production stresses, especially drought, is needed to contribute to other
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efforts under way to alleviate poverty and malnutrition problems in those countries.
Common bean (Phaseolus vulgaris L.) is the most important legume for direct human consumption. Many people in Africa and Latin America rely on it for food security, nutrition, and income Cavalieri et al., 2011) . However, in these parts of the world, common bean is grown by small farmers and is generally cultivated on marginal lands prone to abiotic and biotic stresses (Beebe, 2012) . In these conditions, drought is the major cause of bean yield losses since bean production is dependent on natural rainfall as there is limited access to supplemental irrigation. Breeding for drought tolerance offers the most practical way of ensuring sustained bean productivity in these areas.
Common beans of the race Durango from the semiarid highlands of Mexico have been reported to possess the highest levels of drought resistance , and bean breeders have utilized race Durango germplasm to develop drought resistant bean cultivars in the Middle American gene pool (Singh, 2007; Singh et al., 2001) . Combining races Durango and Mesoamerica germplasm has been a consistent source of improved drought resistance for lowland tropical environments (Frahm et al., 2004; Schneider et al. 1997a Schneider et al. , 1997b Singh et al., 2001; Singh, 1995) . However, little progress has been achieved in transferring drought tolerance across gene pools to beans in the large-seeded Andean gene pool that are widely grown in East Africa and South America. If successful, such crosses would expand the genetic diversity of Andean beans since Andean beans are known for their narrower genetic base (Bitocchi et al., 2012) .
Traits associated with drought tolerance have been identified in common bean. A deep root system that extracts water from lower soil profiles is an important drought avoidance response of common bean (Frahm et al., 2004; Sponchiado et al., 1989; . Biomass accumulation, stored biomass translocation to seed, harvest index, and pod harvest index have been shown to be important traits positively contributing to seed yield stability under drought stress (Beebe et al., 2008; Ramirez-Vallejo and Kelly, 1998; RosalesSerna et al., 2004; Schneider et al., 1997b) . Adjustment of phenological traits, such as number of days to flower and maturity to available water supply, constitutes an important adaptation mechanism to drought stress in the Mexican highlands (Acosta-Gallegos and White, 1995; AcostaGallegos and Shibata, 1989; Acosta-Gallegos and Adams, 1991; Rosales-Serna et al., 2004) . Various physiological traits have been investigated in common bean. These include physiological processes such as photosynthetic efficiency, total chlorophyll content, stomatal conductance, transpiration rate, leaf temperature, and leaf water potential (Castrillo et al., 2001; Dias and Brüggemann, 2010; Lizana et al., 2006; Ninou et al., 2013; Wentworth et al., 2006) . Genetic variation for most traits associated with drought tolerance has shown a quantitative inheritance Blair et al., 2012) . However, the underlying genetic basis of most of these traits needs to be elucidated to facilitate introgression into new cultivars.
In common bean, molecular and protein markers were used to construct the first genetic linkage maps (Nodari et al., 1993; Vallejos et al., 1992) , which estimated the size of the bean genome at 1200 cM. Freyre et al. (1998) published a consensus map that consisted of 563 markers that included random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), sequence characterized amplified region (SCAR), isozyme, and phenotypic markers located along 11 linkage groups. Amplified fragment length polymorphisms (AFLP), simple sequence repeats (SSR), and resistance gene analogs (RGA) have been added to increase the density of existing maps, especially the core BAT93/Jalo EEP558 linkage map (Blair et al., 2003; Grisi et al., 2007; Hanai et al., 2010; Yu et al., 2000) . Single strand conformational polymorphism (SSCP) and sequenom techniques permitted the addition of 42 and 53 SNP markers to expand linkage maps G2333/ G19839 and DOR364/G19833, respectively Ramaekers et al., 2013) . The common feature of all these maps is that they were generated based on low-throughput markers resulting in low density maps. The recent BeanCAP project (Michigan State University, 2012) has enabled the design of a 6K SNP BeadChip that is being used to genotype various bean populations. Single nucleotide polymorphism markers are expected to provide the opportunity to produce high density maps enabling high precision QTL mapping in common bean.
Limited QTL studies on drought tolerance have been conducted in common bean using different molecular marker technologies. In the absence of an effective linkage map, Schneider et al. (1997a) identified RAPD makers that were associated with yield under stress and nonstress conditions, and geometric mean yield across a broad range of environments in Sierra/AC1028 and Sierra/Lef-2RB populations. More recently, an intragene pool RIL population derived from BAT477/DOR364 was used to generate a map integrating 186 AFLP, RAPD, and SSR markers that was used to map drought QTL in field and greenhouse studies in Colombia . In that study, five QTL associated with yield under irrigated conditions were identified on linkage groups Pv03 and Pv07 that explained from 11 and 19% of the phenotypic variance. Among these, four of five QTL from the DOR364 parent mapped to Pv03, and three of them were identified in the same year. Since only eight markers were assigned to Pv03 in the BAT477/DOR364 map, it is difficult to determine if these QTLs were different or just a single QTL. Five yield QTLs were mapped to Pv04, Pv06, Pv08, 83//Guanajuato 31/Rio Tibagi [Singh et al., 2001] , but lacks tolerance to drought. CAL96 matures between 85 and 90 d after planting and is widely adopted in East Africa because of its high yield potential and high marketability due to its preferred seed size and color.
In Rwanda, the 125 RILs, parents, and local checks were evaluated at the Karama dryland research station of the Rwanda Agriculture Board (RAB). Due to insufficient seed of certain RILs, a subsample of 97 lines, parents, and a local check were evaluated at the CIAT research station, near Palmira. In Rwanda, local checks used were SER13, SER14, SER16, RWR2245, and RWR1668, while in Colombia, ICA Quimbaya was used. SER13, SER14, and SER16 are small red-seeded Middle American beans that were developed by CIAT for drought resistance (Beebe et al., 2008 ) that were subsequently released in Rwanda for production under drought conditions. RWR2245 and RWR1668 are iron biofortified Andean bean cultivars that are adopted in Rwanda. ICA Quimbaya is a large red seeded drought resistant Andean bean cultivar grown in Ecuador and Colombia.
sites
The Karama research station is one of the semiarid stations characterized by dry and hot climates. The annual rainfall is below 900 mm and the annual average temperatures are around 21°C. The station is located in the region of Bugesera in the South East of Rwanda at 2°16'S, 30°17'E at an altitude of 1347 m above sea level. Karama station is characterized by clay loam soils with a pH between 7.6 and 7.7. In Colombia, the research was conducted in CIAT's Palmira Experiment Station located at 3°30¢ N, 76°30¢ W, 965 m elevation. The average temperatures are 24.3°C ranging from 18.8 to 28.4°C. Average rain fall is 896 mm and soils are fine silty, mixed, isohyperthermic Aquic Hapludoll.
Experimental Design
In Rwanda, 125 RILs, 2 parents, and 5 local checks SER13, SER14, SER16, RWR2545, and RWR1668 making a total of 132 lines were evaluated side by side under drought stress (DS) and nondrought stress (NS) conditions. Plots consisted of one row of 1.5 m long and 0.50 m between rows in 2010 and 2011, and two rows of 1.5 m and 0.50 m between rows in 2012. They were organized in a rectangular 12 by 11 lattice design with two replications in each water treatment. A 3m buffer zone of the drought resistant SER16 cultivar was planted between DS and NS plots to prevent lateral movements of water from NS to DS plots. All experiments in Karama were planted in mid-rainy and Pv10 under drought stress in the same study but none of these was consistently found in more than 1 yr. In addition, 30 QTL associated with SW were mapped on Pv02, Pv05, Pv06, and Pv09 but were independent from yield and yield per day QTL . In the same study, QTL associated with flowering and maturity were also mapped to Pv02, Pv04, Pv05, Pv06, Pv07, and Pv11 but there was little consistency among seasons and water treatments. When the same population was evaluated in Ethiopia, Colombia, and Malawi, yield QTL mapped to Pv08 . Other QTL mapped in this population were canopy biomass dry weight at mid-pod fill on Pv03, pod harvest index on Pv06, pod partitioning index on Pv03, stem total nonstructural carbohydrate on Pv05, and SPAD chlorophyll meter reading on Pv06 . Quantitative trait loci associated with rooting patterns grown in PVC sleeve-tubes in the greenhouse under drought stress (DS) and nonstress (NS) conditions mapped mostly to Pv08, Pv09, Pv10, and Pv11 but did not overlap with any yield and yield components QTL identified in the field .
Marker-assisted selection (MAS) has not yet been implemented for drought tolerance in common bean for various reasons. Variability of drought stress associated with limited capacity for phenotyping, as well as the lack of knowledge of the genetics of drought resistance mechanisms, reduce the chance of identifying robust QTL. In addition, limited genotyping capacity in common bean due to the absence of high-throughput marker systems prevented the generation of dense maps, thus reducing the precision of QTL mapping. Quantitative trait loci analysis for drought tolerance across a range of environmental conditions using a dense map would improve the identification of QTL associated with broad adaptation to drought stress in common bean.
The objectives of the current study were to (i) construct a dense map of an intergene pool RIL population of common bean from a cross of a Durango derivative SEA5 and an Andean cultivar CAL96; and (ii) detect QTL associated with drought tolerance in the same RIL population grown under different water treatments in Rwanda and Colombia.
MAtEriAls AnD MEthoDs

Plant Material
An intergene pool RIL population consisting of 125 F 5:7 lines was derived from the cross of SEA5 and CAL96 developed by artificial hybridization between the two parents to create an initial F 1 hybrid followed by single seed descent (SSD) from the F 2 until the F 5 generation. Seed was increased as bulks for two generations until the F 5:7 generation at the International Center for Tropical Agriculture (CIAT). The purpose of the cross was to introgress drought tolerance from race Durango into the Andean background. SEA5 is a drought resistant line that was developed at CIAT from an interracial double cross between races Durango and Mesoamerica (TR 7790 = BAT 477/San Cristobal seasons trying to target terminal drought during the reproductive stages. The first experiment was planted on 29 Nov. 2010 and harvested on 1 Mar. 2011, and this experiment is called Karama 2010 in subsequent sections. The second experiment was grown from 15 Apr. 2011 to 15 Jul. 2011 (Karama 2011 , and the third experiment was grown from 26 Oct. 2011 to 1 Feb. 2012 (Karama 2012 . Overhead sprinklers were used to irrigate both DS and NS plots to ensure good plant establishment and early growth as needed until the early pod filling. Thereafter, irrigation was discontinued in DS plots while NS plots continued to receive supplemental irrigation of 20 mm of water twice a week for a total of additional 188, 263, and 211 mm of water in 2010, 2011, and 2012, respectively. To reduce the threat from Bean common mosaic necrosis virus (BCMNV) vectored by aphids, the plots were sprayed with insecticide Dimethoate 50% at the V2 stage (Brick and Shanahan, 1996) .
In Colombia, one experiment was conducted during the dry season between 23 July and 17 October in 2011. A subsample of 97 lines, parents, and a local check, ICA Quimbaya, were evaluated in a 10 by 10 lattice experimental design with three replications. Plots consisted of 2 rows of 3.72 m long and 0.6 m wide. To ensure good stand establishment, two gravity irrigations were applied: 6 d before planting, and a second at 12 d after emergence. In both locations recommended agronomic procedures were followed. All experiments were hand planted, weeded, and harvested.
response Variables
Environmental data, including daily rainfall (mm) and temperatures (°C), were recorded from weather stations of the research stations. To evaluate plant response to water stress, ten variables were recorded: Number of days to flowering (DF) was recorded as the number of days from planting to when 50% of plants per plot had at least one flower. Number of days to physiological maturity (DM) was recorded as the number of days for 90% of pods to lose their green color and start to dry. Number of days for seed fill (DSF) was calculated as the number of days to physiological maturity minus the number of days to flowering. Harvest Index (HI) in each plot was determined as the ratio of the total seed weight to total biomass at harvest. Pod harvest index (PHI) was calculated as the proportion between total seed weight and total pod weight including seed. Seed yield (SY) per plot was measured at 14% moisture content and was estimated as g m -2 . Yield per day (SYD) was calculated as plot total seed weight/number of days to physiological maturity and was estimated in g m -2 . One hundred seed weight (SW) was based on a 100 seed sample from each plot. Number of pods per plant (NP) was counted on 10 plants per plot, and the number of seed per pod (NSP) was counted on a random pod/ plant for ten plants per plot. Drought intensity index (DII) was calculated for each environment as 1-(Xd/Xp) where Xd is the mean yield averaged across genotypes in the rainfed treatment and Xp is the mean yield averaged across genotypes in the nondrought stress treatment (Fischer and Maurer, 1978) .
Population Genotyping
A bulk leaf tissue sample of three F 5:8 plants collected from seedlings of each line and parents grown in the greenhouse at Michigan State University was used for DNA extraction following the miniprep method of Afanador et al. (1993) . DNA was quantified using a NanoDrop 8000 V2.3.1 spectrophotometer (Thermo Fisher Scientific Inc., DE), diluted to a final concentration 100 ng/μl, and the DNA quality was checked by loading 5 μl on a 1% agarose gel. The population, along with the parents, was genotyped with the BARCBean6K_3 SNP array (Michigan State University, 2012) according to the manufacturer's instructions for Illumina Infinium assay. The resulting intensity data was processed using genotyping module V2011.1 of the GenomeStudio software (Illumina Inc., San Diego, CA, USA) for SNP calling.
Data Analysis
Statistical analyses for field data were conducted using SAS 9.3 (SAS Institute, 2011). Mixed models were used for field data analysis for each year per site. To analyze the effect of water treatment on the RIL population, water treatment and genotype were analyzed as fixed effects while replication and block were considered as random effects. The PROC CORR command was used to analyze Pearson correlations among variables. Population distributions for the variables within each water treatment were performed using the graph program of SigmaPlot version 12.0 (Systat Software, Inc., CA, USA).
Genetic Mapping and Qtl Analysis
For the genetic mapping, data from SNP genotyping of the population were manually inspected in an Excel sheet to eliminate SNP with no call or those which were monomorphic between parents. JoinMap 4.0 was used to analyze genotypic segregation, and SNP with distorted segregation were excluded from the map construction. The map was generated using the maximum likelihood mapping algorithm of JoinMap 4.0. Markers were assigned to the linkage groups using logarithm of odds (LOD) grouping thresholds varying from 5 to 15. Quantitative trait loci analysis was conducted using Win Cartographer V2.5-011 (Wang et al., 2012) . The Model 6 with 10 cM window size, 1 cM walk speed, five significant background markers, and analysis by forward and reverse multiple linear regressions for each chromosomal position probability thresholds of 0.05 was used for the composite interval mapping (CIM) method. Both individual environments and combined (average value for the 3 yr) were analyzed. Significant QTL for individual traits were determined by the location of the peak LOD score based on 1000 permutation tests (Churchill and Doerge, 1994) . To be reported, a QTL had to be detected in more than one environment. Quantitative trait loci were named according to the guidelines for common bean QTL nomenclature (http:// bic.css.msu.edu/_pdf/Guidelines_QTL_Nomenclature.pdf ). MapChart (Voorrips, 2002) was used to display maps.
rEsults levels of Drought stress and their Effects on Population Performance
Rainfall during all growth seasons was generally insufficient for optimum bean crop growth, whereas average temperatures were ideal for normal plant development (Fig. 1) . All the experiments experienced Average seed yields were 63.5 and 133.7 g m -2 under DS and NS conditions, respectively, resulting in a 52.6% yield reduction. Although the yield of SEA5 was superior to the yield of CAL96 in DS conditions (135.7 vs. 99.3 g m -2 ), the parental yields did not differ significantly under NS (206.3 vs. 220.7 g m -2 ). In both DS and NS, average SW (28.5 vs. 28.4 g) was intermediate between the seed size of CAL96 and SEA5. Under DS, SW varied between 14.1 to 48.5 g while it ranged from 15.8 to 56.6 g under NS. In both water conditions, no line produced SW comparable to CAL96 (56.6 g 100 seed -1 ). Drought stressed plots had on average five pods per plant and three seeds per pod while averages for these variables were seven and four in NS plots, respectively. Harvest index varied from 11 to 59% and 10 to 63% under DS and NS, respectively. Pod harvest index varied from 32 to 81% under DS while it ranged from 31 to 77% under NS conditions. Genotypes in DS plots matured 3 d earlier than genotypes in NS plots. The same trend was observed for the number of days to seed fill where there was a two day difference between the NS and DS plots. Significant genotype ´ water treatments (G´E) interactions were observed for number of days to maturity, number of days to seed fill, SW, yield, and yield per day.
In Karama 2011, significant differences were observed between water treatments only for yield, yield per day, number of seeds per pod, and the number of days to seed fill (Table 1 ). Significant differences were observed for genotype ´ water treatment interactions (G´E) for most variables except number of days to flower, harvest index, different levels of intraseasonal droughts which came at various stages of development (Fig. 1) . In Karama 2010, the rainfall was sporadic and more than a half (79 mm) of the total rainfall (125 mm) fell after flowering, subjecting the experiment to intermittent drought rather than a more typical terminal drought during the reproductive period. In 2011, the growth season was characterized by a cumulative rainfall of 222 mm. The drought stress plots in this season experienced sporadic intraseasonal drought during the reproductive stage since 82 mm of rain fell after flowering. More precipitation fell during the 2012 season with cumulative rainfalls of 256 mm. However, the drought stressed plots received only 58 mm during the reproductive stages. The Palmira site was characterized by higher average daily temperatures than Karama, varying between 20.4 and 26.4°C, while the total rainfall was 119 mm, most of which (106 mm) fell later in the season. However, most of this rain did not impact the experiment since it came 77 d after planting while the latest line matured at 72 d. The overall drought intensity index (DII) was 0.27 in Karama, which is a moderate drought. Drought was mild in years 2011 and 2012 with DII = 0.18, and 0.14, respectively, while it was more severe in 2010 with DII = 0.52. The DII was 0.70 in Palmira based on evaluation of the same population in Palmira in 2010 (data not shown) under irrigation, indicating a severe drought exposure.
In 2010, all variables were significantly (p < 0.01) affected by drought in Karama except the number of days to flowering, SW, and pod harvest index (Table 1 ). and SW. There was a general improvement in yield, and yield components except SW in DS versus NS during this year. Under DS conditions, seed yield varied from 42.3 to 227.7 g m -2 , while in NS plots, seed yield ranged from 71.1 to 362.6 g m -2 . Drought stress caused a percentage yield reduction of only 18%. Yield per day consistently followed the same trend as yield. Seed weight ranged from 10.6 to 43.2 g 100 seed -1 in DS, while the range was from 10.4 to 47.0 g 100 seed -1 in NS conditions. There were no significant differences due to water treatment between partitioning indices. Harvest index varied from 7 to 59% and 8 to 64% under DS and NS, respectively. Pod harvest index varied from 18 to 75% and 17 to 74% under DS and NS, respectively. The average number of pods per plant was 9.2 and 9.4 while the seeds per pod were three and four in DS and NS, respectively. Number of days to maturity and number of days to seed fill generally were highest during this year than other experiments.
In Karama 2012, significant differences between water treatments were observed for the number of days to maturity, days to seed fill, number of pods per plant, number of seeds per pod, yield, and yield per day (Table 2 ). Significant G´E interactions were observed for seed yield, seed yield per day, SW, number of days to maturity, and seed fill. Drought caused a percentage yield reduction of 14%. Partitioning indices were not significantly different under either water conditions with averages of 42 and 40% for harvest index under DS and NS respectively, while pod harvest index averages were 65 and 64% in DS and NS, respectively. The average SW ranged from 19.3 to 58.2 g under DS and 17.6 to 46.5 g under NS. An average of 9.9 pods per plant was observed under NS while the average pod number per plant was 8.3 in DS conditions. Under DS, the population matured 1 d earlier than in NS. A difference of 1 d between DS and NS was also observed on average for the number of days to seed fill.
In Palmira, the average seed yield was 59.7 g m -2
comparable to regular yields under drought conditions in Palmira (I. Rao, personal communication, 2011) . It is worth noting that the highest yield was that of SEA5 (140.8 g m -2 ), almost double that of CAL96 and the yield of the resistant check, ICA Quimbaya. The average SW at Palmira was 29.8 g ranging from 17.5 to 50.6 g 100 seed -1 . Average number of pods per plant and seed per pod were nine and three, respectively, with ranges of 4 to 15 and 1 to 5 which were comparable to the values observed under DS conditions in Karama. Partitioning indices, harvest index and pod harvest index varied from 13 to 59% and 38 to 77%, respectively, and were comparable to values obtained in Rwanda. All lines matured earlier than in Rwanda (Table 2 ). Days to flowering varied from 29 to 36 with an average of 32 d; days to maturity varied from 58 to 71 d with an average of 65 d; and the mean number of days for seed fill was 33 ranging from 30 to 39.
In general, this population was characterized by limited transgressive segregation beyond the upper parental values for partitioning indices, yield, and yield components (Fig.  2) . The absence of transgressive segregation is an important feature of intergene pool populations and was particularly important for seed weight where no single line exhibited (Fig. 2) . Phenotypic correlations between related variables were usually moderate within water treatments except for highly related traits such as yield and yield per day and phenology variables (Table 3) . Under both water conditions, negative correlations between phenology variables and partitioning indices were observed (Table 3) . There was no definite correlation between phenology and pods per plant or seeds per pod. Positive correlations were observed between phenology and SW regardless of water treatments. There was a moderate correlation between phenology traits and seed yield in Karama under DS while the correlation coefficients between phenology variables and seed yield were negatives in Palmira (data not shown). Yields correlated with partitioning indices, number of pods per plant, number of seeds per pod, and SW in both water conditions (Table 3) . Correlation coefficients between yield and partitioning indices in DS were higher than those in NS. Strong positive correlations were observed between yields and yields per day regardless of water treatment.
Genetic Mapping and Qtl Analyzes
The SEA5 and CAL 96 parents along with RILs were genotyped using 6K SNP bean chip, which contained a total of 5398 bead-types. Among these, 3179 SNP were polymorphic between SEA5 and CAL96 parents. Using JoinMap4, SNP markers with segregation distortion at 0.05 probability level were excluded. A final total 2122 SNP markers were mapped in SEA5/CAL96 RIL population. The SNP marker order and location in the map generally agreed with order and chromosome assignment in the Stampede/Red Hawk common bean map (www.beancap.org/_pdf/BeanCAP-2013-Cregan-SNP-Development.pdf ).
The SEA5/CAL96 map (Supplemental Fig. S1 ) spanned 1351 cM, and the average distance between markers was 0.64 cM (Table 4 ). The number of markers per linkage group varied from 71 on Pv06 to 347 on Pv11. Chromosome Pv05 was the shortest in length with 28.7 cM, while Pv08 was the longest with 197.9 cM. Pv05 showed an exceptionally high number of cosegregating markers, suggesting limited recombination. Using CIM of Win Cartographer and LOD thresholds calculated based on 1000 permutations, a total of 14 QTL associated with yield, yield per day and yield components (number of pods per plant, SW), pod harvest index, and phenology (number of days to flower and maturity) were consistently identified mainly on six chromosomes (Pv01, Pv03, Pv04, Pv07, Pv08, and Pv09) of the eleven common bean chromosomes (Table 5 ). There were no consistent QTL for the number of days to seed fill, harvest index, and number of seeds per pod. Quantitative trait loci mainly associated with phenology traits mapped to Pv01, while yield and yield components QTL generally clustered on Pv03, Pv07 and Pv09. These reported QTL are only Table 2 . Effect of water treatments on yield and yield components, partitioning indices, and phenology traits of SEA5/CAL96 common bean recombinant inbred line (RIL) population, parents, and local checks grown under drought stress (DS) and nondrought stress (NS) in Karama, Rwanda in 2012 and under drought stress in Palmira, Colombia in 2011. those that were identified in more than one environment or in at least one environment and in combined analysis. Phenotypic variance explained by single QTL varied from 6.0 to 22.3% while the LOD scores ranged from 2.6 to 7.7. Yield QTL mapped to Pv03 and to two different regions of Pv09. The yield QTL on Pv03 was located between the SNP ss715640477 and ss715647965 markers. The QTL on Pv03 was identified under NS conditions. The first QTL detected in NS conditions of Karama 2010 on Pv09 at the 109.8 to 125.5 cM interval was also detected in the combined analysis at 117.9 to 125.5 cM. The second QTL located approximately 14 cM from the first, was flanked by markers ss715648154 and ss715649923 and was identified in both DS and NS conditions in the combined analysis. The yield QTL on Pv03 was also associated with yield per day and colocalized with QTLs for the number of pods per plant and SW. Positive alleles for this QTL came from CAL96 and were identified under nonstress conditions in Karama 2011 Karama , 2012 , and in the combined analysis. This QTL increased seed yield between 9.6 and 16.5 g m -2 and explained between 8.7 to 10.9% of the phenotypic variation. The first QTL on Pv09, also contributed by the CAL96 parent, was identified in NS conditions and explained between 9.2 and 13% of the phenotypic variation. The second yield QTL on Pv09 from SEA5 explained between 9.4 and 11.5% of phenotypic variations in DS and NS, respectively.
Quantitative trait loci associated with yield components, number of pods per plant, and SW mapped to Pv03, Pv07 and Pv08. Only two QTL on Pv03 and Pv08 were associated with number of pods per plant. The QTL on Pv08 mapped between ss715648562 and ss715646115 SNP markers and was identified under NS conditions in Karama 2011 and in the combined analysis. This QTL was contributed by the SEA5 parent and explained 7.3 and 14.8% of the phenotypic variation in the combined analysis and in Karama 2011, respectively. The QTL for number of pods per plant on Pv03 from the CAL 96 parent was identified under DS in Karama 2012 and under both drought stress and nondrought stress conditions in the combined analysis where it explained between 10 and 15% of the phenotypic variation (Table 5) .
Quantitative trait loci for SW were more consistent across environments than the other yield component traits and mapped on Pv03 and Pv07 (Table 5) . As expected, all QTL alleles for SW were derived from the CAL96 parent. The QTL on Pv03 was identified in DS in Karama 2010, both in DS and NS Karama 2012, Palmira, and in the combined analysis under both water conditions. This QTL was located within the ss715647570-ss715644947 marker interval. The phenotypic variation explained by this QTL ranged from 8 to 16% depending on environment. The same SW QTL on Pv07 was identified under DS and NS water conditions in Karama 2010 Karama , 2011 Karama , 2012 as well as in combined analysis in NS conditions. This QTL is flanked by ss715645850 and ss715644981 markers and explained from 9.4 to 21% of the phenotypic variation.
Only one QTL associated with pod harvest index was identified and was consistent under both DS and NS conditions in 2012 as well as in the combined analysis under NS. This QTL mapped on Pv01 between ss715651078 and ss715648890 markers where it colocalized with the phenology QTL and explained between 9.7 and 12.9% of phenotypic variation.
A total of four QTL were identified for phenology traits, number of days to flower and maturity (Table  5) . A QTL derived from SEA5 and flanked by markers ss715639437and ss715645914 was associated with both days to flower and maturity on Pv01. This QTL was consistently found both in Karama and Palmira in different years. Phenotypic variation explained by this QTL varied from 8.6 to 22.3% for days to flower and 10.2 to 19.5% for days to maturity. Another QTL for flowering mapped to Pv04 in Karama 2011 and in Palmira and was associated with markers ss715639218 in the ss715643289-ss715648139 marker interval. Quantitative trait loci for flowering detected on Pv04 were derived from CAL96 and explained 7.1 and 14.3% of the phenotypic variation in Karama 2011 and Palmira 2011, respectively. Additional QTL for the days to maturity mapped on Pv07 and PV09 and both Table 3 . Pearson correlation coefficients among mean variables for seed yield, seed yield per day, number of pods per plant, number of seed per pod, seed weight, harvest index, pod harvest index, days to maturity, and day to seed fill, within water treatments for the SEA5/CAL96 common bean recombinant inbred line (RIL) population grown under drought stress and nondrought stress in Karama, Rwanda and Palmira, Colombia during 2010-2012 -0.03
were derived from CAL96. The QTL on Pv07 located between markers ss715645222 and ss715645225 explained 8% of the phenotypic variation. The QTL on Pv09 was only identified in Karama 2012 but under both water treatments and in the combined analysis. This QTL mapped on the ss715647156-ss715646053 marker interval and explained between 7.3 and 10.6% of phenotypic variation.
Discussion Phenotypic Evaluation
In this study, a RIL population from an intergene pool cross of a race Durango derivate genotype SEA5 and an Andean cultivar CAL96 was evaluated to map QTL for drought tolerance traits. The two parents were contrasting in various traits including drought resistance, growth habit, seed size, and color. General negative correlations between partitioning indices and phenology variables were observed. This was probably the result of phenotypic abnormalities from intergene pool crosses in common bean ( Johnson and Gepts, 2002; Kornegay et al., 1992) .
The rainfall amounts at the sites where the research was conducted were not sufficient for optimal bean production ( Fig. 1) during experimental years. In addition, the rainfall patterns differed from expected typical terminal drought, making it challenging to identify stable QTL across environments. However, the exposure of this population to a wide range of water stresses that represent most of conditions that bean crops are likely to encounter during the growing season, might have helped to identify a range of alleles associated with broad adaptation.
In general, the SEA5/CAL96 population matured later in Rwanda than in Colombia. This was probably due to differences in temperature at the two sites. The Palmira site was characterized by higher temperatures than Karama. Cooler conditions have been demonstrated to cause slower growth, delayed maturity, and increased yields in common bean (Acosta-Gallegos and White, 1995; Singh et al., 2002; Terán and Singh, 2002; Welsh et al., 1995) . Mean seed yields under drought stress were higher in Karama than those in Palmira (Tables 1 and 2 ). The population was characterized by limited transgressive segregation for yield and yield components beyond the best parent. The absence of transgressive segregation for yield in Andean/Middle American crosses beyond the value of the highest yielding parent has been noted in other studies where the same SSD breeding scheme was used. Welsh et al. (1995) did not find any high yielding who selected advanced lines from intergene pool crosses with yield superior to the Andean parents, but none outyielded the Middle American parents. Similarly, none of the RIL had the same desired large seed size of the Andean parent CAL96 regardless of water treatment in the current study. The average SW was significantly lower than the SW of CAL96 under both DS and NS conditions. Drought stress did not cause any reduction in SW specific to this study. The intensities of the stress in drought conditions were generally mild in 2011 and 2012 but the same results were obtained in 2010 when drought was more severe than the two following years, which suggests the stability of seed size in this population. This was also reflected in the consistency of QTL associated with SW over years and sites. Usually, drought has been shown to reduce bean seed size in other studies (Singh, 1995 (Singh, , 2007 Urrea et al., 2009 ). However, when DII are mild, seed size has been reported to be relatively stable. Schneider et al. (1997b) Positive correlations between phenology and yield variables were observed in Karama, while they were negatively correlated in Palmira (data not shown). This can be explained by rainfall patterns of Karama that showed intraseasonal variations rather than typical terminal drought (Fig. 1) . Instead, rainfall at the Karama site was intermittent in the reproductive stages, which might have resulted in double pod sets and delay of the overall maturity at this site whereas typical terminal drought was observed in Palmira.
The number of pods per plant, number of seeds per pod, SW, harvest index, and pod harvest index positively correlated with yield (Table 3) . These results were expected since these variables are key determinants of yield. Under drought stress conditions in Karama, correlation coefficients of number of seeds per pod and yield tended to be weaker than the correlation coefficient between the number of pods per plant and yield, suggesting that pod abortion might have been one of the yield reducing mechanisms in this site. Pod abortion has been recognized to be an important mechanism that reduces bean seed yield in common bean (Acosta-Gallegos and Shibata, 1989) . Days to maturity and days to seed fill were negatively correlated with yield in Palmira under severe drought, suggesting that maturity was important in drought evasion at Palmira. These results suggest that depending on the drought intensity at each site, various drought resistance mechanisms contributed to overall performance within this population. This illustrates the complexity of breeding for drought tolerance and the need to deal with drought stress at the local level.
Harvest index and pod harvest index are indicators of the remobilization of photosynthates from shoot biomass and pod biomass to the seed, respectively. Photoassimilate remobilization is one of the characteristics indirectly selected during the development of drought resistant cultivars (Miklas et al., 2006; Rosales-Serna et al., 2004) . In this study, harvest index and pod harvest index positively correlated with seed yield under drought stress and nonstress as previously observed in other studies (Klaedtke et al., 2012; Rao et al., 2007 Rao et al., , 2009 . Importantly, correlation coefficients between seed yield and partitioning indices were slightly higher under DS than NS, suggesting that these traits were important contributors to seed yield under DS. Since these parameters were stable in this study and correlated with seed yield and yield per day under both drought stress and nondrought stress conditions, they can be combined with yield evaluations to identify higher drought resistant cultivars while avoiding penalties for yield potential. Selection of plants with well filled pods led to identifying drought resistance lines for production in Colombia (Beebe et al., 2008) , and the specific potential of pod harvest index as a selection criterion was demonstrated by Assefa et al. (2013) .
Genetic Mapping and Qtl Analysis
Normal or near normal distributions were observed for all traits (Fig. 2) , suggesting quantitative inheritance for the traits studied. Among several factors that affect the efficiency of QTL mapping, marker density constitutes a key factor. In general, increasing marker density can increase the resolution of the genetic map, thus enhancing the precision of QTL mapping. The SEA5/CAL96 genetic map constructed in this study was 1351 cM in length with an average genetic distance between markers of 0.64 cM, making it a dense map ideal for QTL analysis. Quantitative trait loci for correlated variables such as phenology, yield, and yield components, colocalized on the same chromosome. Most of these traits are related on a cause effect basis, which suggests that these traits may be conditioned by genes that are physically linked or are pleiotropic (Aastveit and Aastveit, 1993) . Since the experiments were conducted under field conditions with variable rainfall, seed yield under DS in comparison to seed yield in NS conditions was an important criterion to define drought resistance (Beebe, 2012) .
Yield QTL were mainly identified on Pv03 and Pv09. Quantitative trait loci (SY3.3 SC ) on Pv03 was associated with yield under nonstress conditions in Karama 2011 and 2012 and was linked to a QTL associated with SW. Various seed yield QTLs were previously identified on Pv03 Checa and Blair, 2012; Wright and Kelly, 2011) . Negative linkages of SW and seed yield potential in common bean has been a challenge for bean breeders (Beaver and Osorno, 2009) . Fortunately, positive correlations of seed yield and size in this population were observed. In addition, alleles contributing to both increased SW and seed yield for both QTL were contributed by the CAL96 parent in this population, and this linkage might favor simultaneous selection for seed yield and increased seed size in intergene pool crosses. Two different regions were associated with yield on Pv09. The only QTL associated with yield under drought stress on Pv09 was contributed by the SEA5 parent in combined environments, suggesting the importance of SEA5 alleles in maintaining yield under drought stress. The first yield QTL is linked to QTL associated with number of days to maturity as these two traits showed a positive correlation especially in Karama.
Quantitative trait loci associated with yield components tended to overlap, especially on Pv03, Pv07, and Pv09. Two QTL for the number of pods per plant mapped to Pv03 and Pv08. The QTL (NP3.1 SC ) on PV03 was identified in both DS and NS conditions in Karama 2012 and in the combined analysis, despite the observed water treatment differences. This suggests that the QTL on Pv03 has constitutive effects on the number of pods per plant and can be used to select beans with increased numbers of pods per plant in the absence of DS. This same QTL is associated with seed yield under NS conditions and both are derived from CAL96, which favors good combinations of yield determining alleles in certain lines from this intergene pool cross. Various QTL associated with number of pods per plant have been mapped elsewhere in the genome of common bean. Quantitative trait loci for pods per plant were previously mapped to Pv07, Pv09, and Pv11 in an advanced backcross population from a cross of an Andean bean ICA Cerinza with a wild bean accession G24404 ; Checa and Blair (2012) mapped QTL for number of pods per plant on Pv04 and Pv10, whereas Beattie et al. (2003) mapped QTL for number of pods per plant on Pv03. In this population, QTL for number of pods per plant was mapped to Pv03 and Pv08 using SSR and INDEL markers (Mukeshimana, 2013) . Although it is difficult to compare these QTL due to different marker technologies used, there is strong evidence for the presence of QTL conditioning the number of pods per plant on Pv03.
Seed weight QTL were exclusively mapped in two genomic regions on Pv03 and Pv07. All the SW QTL were contributed by the CAL96 parent, and substituting this parent allele by the SEA5 allele would cause a seed size loss between 1.60 to 3.04 g 100 seed -1
. An important QTL for SW explaining between 8 and 16% of the phenotypic variation mapped to Pv03. This QTL was consistently found under both DN and NS conditions in both Karama and Palmira. This SW QTL (SW3.1 SC ) on Pv03 is the same QTL associated with yield under NS conditions and number of pods per plant. This linkage would provide the opportunity to select simultaneously for seed size and yield in intergene pool crosses. This QTL confirms results from various previous studies that mapped SW QTL on Pv03 using RFLP and RAPD markers (Nodari et al., 1993; Park et al., 2001) . Another QTL for SW mapped to Pv07. The location of the SW QTL on Pv07 supports linkage with the phaseolin seed protein (Phs) locus previously reported in various populations using different marker technologies (Checa and Blair, 2012; Johnson et al., 1996; Koinange et al., 1996; Nodari et al., 1993 . In this study, QTL for SW (SW7.2 SC ) on Pv07 were identified in both DS and NS conditions, suggesting that genes on this chromosome might have a constitutive mechanism that conditions SW.
One QTL associated with pod harvest index (PHI1.1 SC ) was identified on Pv01 having a constitutive effect in both DS and NS conditions. Pod harvest index was consistently a stable variable not influenced by water treatment across seasons and sites (Tables 1 and 2 ). also mapped QTL for PHI on Pv01 in two locations under nondrought stress conditions which suggests that Pv01 might have genes associated with pod harvest index. In this study, the QTL for pod harvest index overlapped the QTL for number of days to flower and maturity. Since these variables were negatively correlated, these results suggest a possible pleiotropic effect of this QTL on phenology and pod harvest index. Late maturing genotypes tended to exhibit lower harvest index, and this characteristic might have come from one of the parents of SEA5, San Cristobal 83, that is known for delayed maturity and suppression of reproduction under drought stress (Beebe, 2012) .
Phenological plasticity is an important adaptation to DS (Acosta-Gallegos and White, 1995; Rosales-Serna et al., 2004) . In this study, QTLs for days to flowering and maturity mapped to Pv01, Pv04, Pv07, and Pv09. Interestingly, Kwak et al. (2008) mapped common bean homologues of the Arabidopsis thaliana Terminal Flower 1 (TFL1) gene PvTFL1x, PvTFL1y, and PvTFL1z to Pv04, Pv01, and Pv07, respectively, while a Zeitlupe gene involved in the circadian clock input pathway homologue PvZTL mapped near a QTL for flowering time on Pv09 in BAT93/JaloEEP 558 and Midas/G12873 RIL populations. Prior research by Koinange et al. (1996) had demonstrated the colocalization or a pleiotropic effect of the same QTL on Pv01 for flowering and maturity in the Midas/G12873 RIL population. Based on mapping and functional genomics studies, PvTFL1y was shown to be the functional homolog of TFL1 responsible for variation in determinacy and therefore, the switch from vegetative to reproductive state in common bean (Kwak et al., 2008; Repinski et al., 2012) . In this study, QTL for days to flower and maturity colocalized on Pv01 in different years under both water treatments and sites. Since these chromosomes have been independently reported to carry growth habit and phenology QTL as well as growth habit candidate genes in various studies de Campos et al., 2011; Kolkman and Kelly, 2003; Kwak et al., 2008; Repinski et al., 2012; Tar'an et al., 2002) , the identification of these QTL in this study strongly supports the importance of precision in QTL mapping that only dense map construction can provide.
The implementation of MAS in common bean for drought tolerance has been limited because of extensive variability of drought patterns as well as its interactions with other production constraints under field conditions and the low density maps used to conduct QTL analysis. Using a highly saturated map and phenotypic field data collected under different drought conditions helped identify consistent QTL associated with broad adaptation to drought resistance mechanisms in common bean. These QTL should be useful to introgress traits associated with drought tolerance into Andean beans.
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